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Abstract Experimental treatment of pupae with cold shock or tungstate, a protein-tyrosine phos- 
phatase inhibitor, produces a series of unique wing color-pattern modifications in adult butterflies. 
Being similar to the tungstate-induced modifications, several Vanessa species can be arranged in a 
series of the systematic color-pattern differences largely based on the relative area of orange (RAO) 
on the forewings. The hypothetical molecular pathway that is sensitive to cold shock or tungstate 
has been proposed to be involved in speciation of these butterflies. Here we investigated phylogeny 
of Vanessa and its related butterflies in reference to DNA sequences of the mitochondrial NADH 
dehydrogenase subunit 5 gene and cytochrome oxidase subunit I gene. Seven species that belong to 
the conventional Vanessa genus were separated into two groups: Five species, V. indica, V. samani, 
V. dejeanii, V. dilecta, and V. buana, formed an independent cluster with strong bootstrap support 
(“the indica group"), excluding V. atalanta and V. tameamea as a separate clade (“the atalanta 
group"). Thus, the indica group contains five species with various RAO values including V. samani 
(which has large RAO value) and V. dejeanii (which has small RAO value). Similarly, the atalanta 
group consists of two species, V. atalanta and V. tameamea, whose RAO values are quite different 
from each other. Our data argue for the evolutionary model in which the conventional Vanessa 
genus, but not its related genera, has a unique tendency to evolve “bi-directionally” to species with 
large or small orange area on the forewings beyond phylogenetic constraint from either the indica 
or atalanta groups within the genus. 


Key words Lepidoptera, Nymphalidae, Vanessa, molecular phylogeny, color-pattern evolution, 
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Introduction 


The spectacular variety of butterfly wing color-patterns nicely illustrates the genetic poten- 
tial of organisms for evolving into thousands of species with diverse phenotypes. The wing 
color-patterns of many butterfly species function as visual signals for mates or predators, 
and accordingly, they are important traits for natural selection (Uesugi, 1991; Jiggins et al., 
2001; Kapan, 2001). Only their rough patterns, but not detailed patterns, had been consid- 
ered to be functional at least in some species of nymphalid and papilionid butterflies 
(Tinbergen et al., 1942; Hidaka & Yamashita, 1975), but recent studies reported that more 
delicate differences can be discriminated in a lycaenid butterfly (Fordyce et al., 2002). 
Studies on butterfly wing color-patterns and speciation will give us an insight into the dy- 
namic evolutionary history woven by natural selection and other factors. 


From the viewpoint of developmental biology, the mechanism of the eyespot formation on 
butterfly wings has been investigated extensively with surgical, physiological, and molecu- 
lar biological techniques (Nijhout, 1984, 1991; French & Brakefield, 1992, 1995; 
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Brakefield & French, 1995; Brakefield et al., 1996). There are much experimental data in- 
dicating that an eyespot focus on the wings works as an organizing center for the color-pat- 
tern development, although the exact nature of the positional signal emerging from it is 
largely enigmatic. The same organizing center seems to organize the pupal wing cuticle 
spot (Otaki et al., 2005a). In addition, color patterns may be determined not only by the 
putative positional signal from organizing centers but also by the cellular ability to interpret 
the positional signal, which could be modified by more systemic factors such as ecdys- 
teroids (Koch & Bückmann, 1987; Koch et al., 1996; Rountree & Nijhout, 1995) and the 
putative cold-shock hormone (Otaki, 1998, 2003; Otaki & Yamamoto, 2004a). 


We have been interested in the mechanism of wing-wide color-pattern determination during 
development and its relationship with butterfly evolution. In this context, phylogenetic rela- 
tionships among the genus Vanessa Fabricius, 1807 in the narrowest sense (Vanessa sensu 
stricto) are of particular interest, because a systematic color-pattern modification tendency 
is observed in this genus. More precisely, one can arrange several species of Vanessa, but 
not the species of its closely-related genera Cynthia Fabricius, 1807 and Bassaris Hübner, 
1821, as a progressive series of the color-pattern differences partly based on the quantitative 
value of “the relative area of orange (RAO)" on the dorsal forewings (Otaki & Yamamoto, 
2004b). The serial order of species from the widest orange area to the narrowest area with 
the RAO value (+SD) as an indicator is: Vanessa samani (Hagen, 1895) (23.721.096), 
Vanessa tameamea Eschscholtz, 1821 (20.9+2.5%), Vanessa indica (Herbst, 1794) 
(19.8+1.3%), Vanessa dilecta Hanafusa, 1992 (16.021.196), Vanessa atalanta (Linnaeus, 
1758) (13.8+0.6%), and Vanessa dejeanii Godart, 1824 (10.630.996) (Otaki & Yamamoto, 
2004b). Based on this fact, they can be classified into three color-pattern types: orange type 
(V. samani and V. tameamea, with large RAO values), intermediate type (V. indica and V. 
dilecta, with intermediate RAO values), and black type (V. atalanta and V. dejeanii, with 
small RAO values) (see Fig. 2). This color-pattern series (Otaki & Yamamoto, 20045) does 
not seem to reflect morphological phylogenetic results derived from the examination of 
genitalia (Field, 1971; Leestmans, 1978). 


Intriguingly, a similar color-pattern series is known to be induced by systemic injections of 
sodium tungstate, a protein-tyrosine phosphatase (PTPase) inhibitor, into pupae of V. indica 
(Otaki & Yamamoto, 2004a). This modification-inducing ability of tungstate is shown to be 
largely specific to the color-pattern development, and such modifications are not observed 
in the injections of stress-inducing chemicals such as urea (Otaki, 1998), thapsigargin, iono- 
mycin, and geldanamycin (Otaki et al., 2005b). Thus, a signal transduction pathway for the 
color-pattern determination in which the tungstate-sensitive PTPase plays an instructive role 
has been proposed to be involved in speciation of Vanessa butterflies (Otaki & Yamamoto, 
2004a, b; Otaki et al., 2005 の ). 


Here we phylogenetically examined butterflies of the genus Vanessa sensu stricto and its re- 
lated genera Cynthia and Bassaris in reference to DNA sequences of the mitochondrial 
NADH dehydrogenase subunit 5 (ND5) gene and cytochrome oxidase subunit I (COI) gene 
which are known to be reliable as a molecular clock" with high variability even between 
closely-related species (Sperling, 2003). Although the transpecific color-pattern differences 
in Vanessa or any other genera are not likely to reflect simple orthogenesis of the genus 
(Shapiro, 1984), we especially focused on relationships, if any, between the color-pattern 
differences and molecular phylogeny. Possible evolutionary history of Vanessa butterflies is 
discussed based on the molecular phylogenetic results together with morphological, ecolog- 
ical, and biogeographical perspectives. 
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Materials and methods 


Classification and specimens 


Standard literature was referred to for phylogenetic systematics of butterflies (Harvey, 1991; 
de Jong et al., 1996; Ackery et al., 1998). Three terms for morphological genera, Vanessa, 
Cynthia, and Bassaris (Field, 1971), were used for the sake of discussion, although recent 
molecular phylogenetic data argue that these genera are to be treated as a single genus 
Vanessa (Wahlberg et al., 2005). 


There are five species in the genus Vanessa that were recognized in Field (1971): V. indica, 
V. atalanta, V. tameamea, V. dejeanii, and V. samani. According to Field (1971), V. indica 
has five subspecies, two of which are V. indica buana (Fruhstorfer, 1898) and V. indica vul- 
cania Godart, 1819 (Field, 1971). However, Leestmans (1978) proposed that V. buana and 
V. vulcania are independent species. Recently, a new species, V. dilecta, was described 
(Hanafusa, 1992). Moreover, Antanartia abyssinica (Felder & Felder, 1867) has now been 
included in the Vanessa group as V. abyssinica (Wahlberg et al., 2005). In total, there are 
nine species of Vanessa that have been recognized thus far. 


We obtained 13 specimens of butterflies from Prot insects (Osaka, Japan), The Insect 
Company (Woodfalls, U. K.), or our own collection including seven Vanessa species (in- 
cluding V. buana but excluding V. vulcania and V. abyssinica), two Bassaris species (B. 
itea (Fabricius, 1775) and B. gonerilla (Fabricius, 1775)), and three representative Cynthia 
species (C. cardui (Linnaeus, 1758), C. braziliensis (Moore, 1883), and C. myrinna 
(Doubleday, 1849)) together with Junonia westermanni Westwood, 1870 (Table 1). 


Molecular biological techniques 


Total DNA was extracted from dried specimens of butterflies using DNeasy Tissue Kit (QI- 
AGEN). Extracted total DNA was subjected to polymerase chain reactions (PCR) under the 
following cycling conditions using Pfu DNA polymerase (Promega): for ND5, initial dena- 
turing of 94°C for 3 minutes, 30 cycles of 94°C for 1 minute, 46°C for 1 minutes, and 70°C 
for 2 minutes, and the supplementary extension step of 70°C for 12 minutes; for COJ, initial 
denaturing of 95°C for 5 minutes, 40 cycles of 94°C for 30 seconds, 47°C for 30 seconds, 
and 72°C for 1.5 minutes, and the supplementary extension step of 72°C for 10 minutes. 
PCR primers for ND5 were designed based the ND5 sequence from Vanessa indica caught 


Table 1. Adult butterfly specimens used in this study. 





Date caught GenBank accession no. 











Species Specimen ID Locality in the field NDS COI 
V. indica JMO0001 (KU) Kanagawa, Japan Jun.2004  DQ028749 DQG385858 
V. buana JMO0002 (KU) Sulawesi, Indonesia Aug.2002 DOQ028750 DQ385867 
V. dejeanii JMO0003 (KU) Mt Lawu, Central Java, Indonesia Oct. 2000 DQ028751 DQ385862 
V. tameamea |. ]MO0004 (KU) Kauai, Hawaii May 2000 DQ028752 DQ385861 
V. samani JMO0005 (KU) Sumatra, Indonesia unknown DQ028753 DQ385863 
V. dilecta JMO0006 (KU) Mt Mutis, Timor unknown DQ028754 DQ385864 
V. atalanta JMO0007 (KU) Slovakia Aug. 2000 DQ028755 DQ385860 
B. itea JMO0008 (KU) Melbourne, Australia Feb. 1996 DQ028756 DQ385859 
B. gonerilla JMOO0009 (KU) Auckland, New Zealand Feb. 2003 DQ028757 DQ385865 
C. cardui JMO0010 (KU) Kanagawa, Japan Dec. 2004 DQ028758 DQ385856 
C. myrinna JMO0011 (KU) Huallega, Peru Mar. 2001  DQ028759 DQ385857 
C. braziliensis JMO0012 (KU) Tingo mana, Peru Jane 2003  DQ028760 DQ385866 
J. westermanni JMO0013 (KU) Bangui, Central Africa July 1981 DQ028761 DQ385855 
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in Shimane, Japan, that had already been known (GenBank Accession Number AB175865) 
as follows: 5’--GTTCATTCATCTACTTTAGTAACTGCTG-3° and 5-AAGGAATACCA- 
CATAAAGCTAAATTTG-3’. A part of the ND5 gene (357 bp excluding primer sequences) 
was amplified by PCR. DNA sequence of the PCR product from Vanessa indica caught in 
Kanagawa showed the perfect match with the sequence of the same species already in 
GenBank (AB175865), suggesting that variations within this species in Japan may be negli- 
gible. For COI, widely used PCR primers, 5-GGTCAACAAATCATAAAGATATTGG-3' 
and 5’-TAAACTTCAGGGTGACCAAAAAATCA-3’, were employed, amplifying a 667- 
bp stretch (excluding PCR primers) of COI. Although we cannot exclude the possibility that 
the ND5 and COI gene sequences vary within a given species, we here assumed that such 
variations are not large enough to override variations between species. This is partly be- 
cause many Vanessa species are found in restricted areas with relatively small and hence ge- 
netically homogeneous populations, and also because it is difficult to obtain multiple speci- 
mens of these rare species from different regions. 


PCR products were cloned into pCR-Blunt II-TOPO (Invitogen) or pCR4Blunt- TOPO 
(Invitrogen) and sequenced using MI3R and M13F primers in Dragon Genomics Center 
(TAKARA BIO, Yokkaichi, Japan). These sequences were deposited in GenBank, whose 
GenBank Accession Numbers are shown in Table 1. 


Phylogenetic analysis 


Validity of the use of the NDS and COI genes in studying phylogeny of insects has already 
been demonstrated (Sperling, 2003). For the sequence analysis, we used a 357-bp stretch of 
the NDS gene plus a 667-bp stretch of the COI gene (total: 1024 bp) excluding PCR primer 
sequences. In making multiple alignment, ClustalX1.83 (Higgins & Sharp, 1988; Tho- 
mpson et al., 1997) was employed. 


Phylogenetic trees were drawn using PAUP* 4.0 8 10 (Swofford, 2000). We here compared 
three tree diagrams that were derived from different clustering methods, from a meta-ana- 
lytic point of view. For constructing the neighbor-joining (NJ) tree diagrams, Kimura's two 
parameter method (Kimura, 1980) was used for calculating distances. Rate for variable 
sites was set as “equal”. For constructing the maximum parsimony (MP) tree diagrams, the 
full heuristic type search method was carried out with the TBR (tree bisection and recon- 
nection) algorithm. The maximum likelihood (ML) tree diagrams were also constructed 
using the same software with the GTR model. The bootstrap confidence level of branching 
in trees was obtained with 1000 resampling. 


Results and discussion 


Relationships among Vanessa, Cynthia, and Bassaris 


Our primary purpose in this paper is to delineate evolutionary history among species in the 





Fig. 1. NJ (A), ML (B), and MP (C: most parsimonious) tree diagrams of Vanessa and its related 
genera with Junonia westermanni as an outgroup. Thick lines indicated clades with at least 
5096 bootstrap support (A-C). The bootstrap values, shown in these diagrams, were calcu- 
lated based on 1000 resampling. Two groups can be recognized: the indica group and the 
atalanta group. Bassaris, Cynthia, and the indica group formed stable clusters in all dia- 
grams, whereas the atalanta group was unstable. Relationships among species within each 
clade were stable in all diagrams, but relationships among four groups (i. e. Bassaris, 
Cynthia, the indica group, and the atalanta group) were different in three methods. 
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Vanessa genus and to find out relationships between the color-pattern differences and phy- 
logeny. However, before discussing that topic, it is reasonable to examine phylogenetic re- 
lationships among three genera Vanessa, Cynthia, and Bassaris, because whether or not the 
independence of these genera is phylogenetically valid is somewhat controversial. On the 
other hand, we here assumed the monophyletic status of the entire Vanessa group 
(Vanessa+Cynthia+Bassaris) as shown in Wahlberg et al. (2005). 


After making the multiple alignment of the DNA sequences from butterflies of Vanessa, 
Cynthia, Bassaris, and Junonia (13 species shown in Table 1 and Fig. 1), we found no vari- 
ation in length throughout species. We then constructed molecular phylogenetic tree dia- 
grams using a sequence from J. westermanni, which belongs to the tribe Junoniini, the sub- 
family Nymphalinae (Wahlberg et al., 2005), as an outgroup (Fig. 1). The use of J. wester- 
manni as an outgroup can be justified by the fact that all other samples belong to the tribe 
Nymphalini, which is a sister group of Junoniini (Wahlberg et al., 2005). 


In all diagrams derived from different methods, the cluster of five species (V. indica, V. 
samani, V. dejeanii, V. dilecta, and V. buana) was well supported by the bootstrap value, 
100%. We call these five species in this clade “the indica group". Two other species, V. 
atalanta and V. tameamea, were excluded from the indica group, and we called these two 
species “the atalanta group", although their monophyletic status was only weakly support- 
ed. Noting that the examination of genitalia indicated the closeness of these two species 
(Leestmans, 1978), it is not unreasonable to consider them as a distinct group, because they 
were nonetheless excluded from other Vanessa species and closely located in all phyloge- 
netic tree diagrams that were examined. Hence, these seven species that belong to the con- 
ventional Vanessa genus were divided into two groups and did not form a monophyletic 
group in any diagrams. Three Cynthia species formed a cluster with reasonably high boot- 
strap support in all three methods. Similarly, two Bassaris species formed a distinct cluster 
with high bootstrap support, 10096, in all three diagrams. However, clear relationships 
among these four groups (i. e. Cynthia, Bassaris, the indica group and the atalanta group) 
were not specified in any methods. 


Together, our data clearly indicated the difficulty in specifying relationships among the gen- 
era, Vanessa, Cynthia, and Bassaris. This conclusion may be compared with a recent mo- 
lecular phylogenetic analysis on nymphalid butterflies including two Vanessa species (V. in- 
dica and V. atalanta), five Cynthia species, and two Bassaris species, in which the classical 
Vanessa, Bassaris, and most Cynthia species except Cynthia annabella Field, 1971 each 
formed independent clusters (Wahlberg et al., 2005). However, largely because of the cryp- 
tic and unexpected phylogenetic status of C. annabella and A. abyssinica, three genera, 
Vanessa, Cynthia, and Bassaris were proposed to be grouped as the single genus Vanessa 
(Wahlberg et al., 2005). It is also noteworthy that V. indica and V. atalanta were shown to 
be sister to each other in Wahlberg et al. (2005). Thus, our phylogenetic diagram that was 
derived from the MP method (Fig. 1C) is most consistent with Wahlberg et al. (2005). 
However, Wahlberg et al. (2005) used only two species from the genus Vanessa sensu stric- 
to. The relationships in this genus, the most important topic in this paper, are discussed 
below. 


Species relationships in the genus Vanessa 


Although our phylogenetic tree diagrams obtained above were not able to clarify relation- 
ships among the morphological genera, they provided us with important information to ex- 
amine species relationships in the genus Vanessa. 


As discussed already, five Vanessa species (V. indica, V. samani, V. dejeanii, V. dilecta, and 
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V. buana) formed an independent cluster, the indica group, with high bootstrap support 
10096 in all clustering methods (Fig. 1), indicating their different evolutionary path from 
that of the atalanta group, V. atalanta and V. tameamea. In the indica group, the four 
species were shown to be a sister group in relation to V. indica with reasonably high boot- 
strap support in all three methods. 


Among them, it was somewhat surprising to find that V. indica and V. buana were not 
shown as the closest relatives to each other despite the fact that they had been considered as 
the same species until Leestmans (1978). Thus, the current morphological systematics 
(Leestmans, 1978) is indeed consistent with our molecular result. On the other hand, V. 
dilecta and V. buana were shown to be very close to each other in all three methods. Their 
color-patterns are also very similar (Field, 1971; Hanafusa, 1992). It may be possible to 
consider them as two subspecies of V. buana: V. buana buana and V. buana dilecta from 
the viewpoint of taxonomy. Alternatively, it is theoretically possible to treat the whole indi- 
ca group as a "superspecies" from the viewpoint of evolutionary biology. 


It is worth while to point out that V. samani, V. dejeanii, and V. buana form a species group 
different from V. indica and V. vulcania, based on the morphological examination of geni- 
talia (Leestmans, 1978). Since within the indica group, a group of V. samani, V. dejeanii, 
and V. buana together with V. dilecta is sister to V. indica, our phylogenetic result is consis- 
tent with the conventional systematics. 


Molecular phylogeny and color-pattern evolution 


Visual combination of the color-pattern analysis (or analysis of the phenotype-based traits) 
with the molecular phylogenetic analysis (or analysis of the genotype-based "traits") helps 
us to understand species relationships clearly (Fig. 2). The indica group contained species 
with large RAO value (i. e. V. samani, belonging to the orange type), one with small RAO 
value (i. e. V. dejeanii, belonging to the black type), and ones with intermediate RAO val- 
ues (i. e. V. indica, V. dilecta, and V. buana, belonging to the intermediate type). Likewise, 
the atalanta group contained two species with quite dissimilar color-patterns: one with 
large RAO value (i. e. V. tameamea, belonging to the orange type), and the other with small 
RAO value (i. e. V. atalanta, belonging to the black type). This immediately indicates that 
the color-pattern series based on the RAO values does not simply reflect the molecular phy- 
logenetic relationships. Since butterfly color-patterns can be drastically different between 
closely related species or even within a single species, they are not considered as useful 
traits for clarifying phylogenetic relationships. Hence, it is not surprising to find no simple 
correlation between the color-pattern differences and the molecular phylogenetic results. 
Nonetheless, Fig. 2 readily indicates that even within a group of closely related relatives, 
the color-pattern can drastically vary, but its variation is always on the line of the simple 
color-pattern series. 


In order to recapitulate the plausible evolutionary history of these butterflies, we here pre- 
sume the existence of the imaginary prototype of Vanessa in the past, which was morpho- 
logically and genetically similar to V. indica. This presumption, which does not contradict 
our molecular phylogenetic results, was made based on the following reasons. First, V. in- 
dica is widely distributed in the Oriental and Palaearctic Regions, and it has the largest 
number of subspecies (five recognized subspecies including V. indica buana and V. indica 
vulcania, according to Field (1971)) in the genus Vanessa. This fact indicates the versatility 
of V. indica to adapt itself to different environmental conditions. Second, V. indica occupies 
the middle position in the linear progressive series of the quantitative color-pattern differ- 
ences (Otaki and Yamamoto, 20045), again meaning that it may not be a species which is 
very differentiated to particular environmental conditions and hence it may still retain the 
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Fig. 2. Visual combination of the color-pattern series and molecular phylogeny of the Vanessa 
species. Phylogenetic relationships are indicated by lines and an arrow. Based on the color- 
pattern differences, seven Vanessa species can be divided into three types: orange type, in- 
termediate type, and black type. Both indica and atalanta groups contained species of dif- 
ferent color-pattern types. 
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Fig. 3. Segregated distributions of four Vanessa species in the Indonesian Islands. V. samani is 
found in Sumatra, V. dejeanii in Jawa, Bali, Lombok, and Sumbawa, V. dilecta in Timor, 
and V. buana in Sulawesi. However, their distributions are all restricted to small mountain- 
ous regions within a given island. Similarly, V. tameamea is confined to mountainous re- 
gions of the Hawaiian Islands (not shown). Butterfly names and their corresponding distri- 
bution areas are color-coded. Coincidentally, geographical distances from the Asian 
Continent to each island that harbor a given species seem to be correlated with molecular 
phylogenetic distances from the root of the indica group. 
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potential for future speciation. 


This imaginary ancestor similar to V. indica might have evolved into several species with a 
large spectrum of color-pattern differences: one to a large RAO value and the other to a 
small value. This color-pattern evolution might have been shaped by different environmen- 
tal factors for each species. And one of these factors may be temperature fluctuations that 
produce natural cold-shock events. This speculation is based on the fact that the tungstate 
treatment, which is equivalent to the cold-shock treatment, of V. indica can produce a series 
of phenocopies that are similar to other Vanessa species. It is important to recognize that V. 
tameamea, V. samani, V. dejeanii, V. dilecta, and V. buana are all found in mountainous re- 
gions of tropical islands usually above around 4,000 feet (1,200 meters) (Field, 1971). 
Temperature fluctuation, which is higher in high altitudes than in low altitudes and also 
higher in low latitudes than in high latitudes, may act as cold-shock events to drive a 
process of evolution. However, the environment that produces natural cold-shock events to 
pupae may be necessary but never be sufficient for the wing color-pattern evolution of 
Vanessa. To be sure, it may be necessary for us to differentiate the cold-shock conditions 
and simple low temperature conditions in discussing the color-pattern modifications and 
evolution (Otaki et al., 2005 の . 


It is important to realize that the expansion or shrinkage of the orange area on the forewings 
during speciation occurred independently at least four times (V. atalanta, V. tameamea, V. 
samani, and V. dejeanii) in this genus. With the genus, this color-pattern evolution hap- 
pened irrespective of the phylogenetic status. Furthermore, V. dilecta and V. buana may be 
on the verge of such differentiation. That is, in the course of speciation, as long as it re- 
mains a species of Vanessa, an emerging new species could freely enlarge or shrink the or- 
ange area at any phylogenetic status. But no other way of color-pattern evolution seems to 
be allowed. This “bi-directional” type of color-pattern evolution cannot be found in 
Cynthia or Bassaris, and it appears to be unique to this genus, despite the fact that other 
nymphalid butterflies also show similar color-pattern response to experimental treatments 
(Nijhout, 1984; Shapiro, 1984; Otaki, 1998). However, somewhat similar evolutionary his- 
tory may be found in Maculinea butterflies, which belong to the family Lycaenidae (Otaki 
and Yamamoto, 2003). The origin of the various color-patterns in the genus Vanessa may 
be explained, for example, by the different expression levels of the putative cold-shock sen- 
sitive factor that plays a role in the color-pattern determination or development. 


This bi-directional type of color-pattern evolution that was observed only within Vanessa 
sensu stricto but beyond the constraint of the phylogenetic groups (i.e. the indica and ata- 
lanta groups) may be explained by a two-step process: the restriction of developmental 
plasticity of Vanessa sensu stricto followed by opportunistic changes of expression levels of 
a gene responsible for the RAO value. The latter step, which may be considered as a kind 
of morphological convergence, appears to have some similarities, at least at the conceptual 
level, to the convergent evolution of the black spots on Drosophila wings. In the case of the 
Drosophila wing spots, activation or inactivation of the pleiotropic pigmentation gene yel- 
low on the wings that was controlled by the cis-regulatory element is responsible for the 
convergent evolution (Prud' homme et al., 2006). A similar molecular mechanism might be 
expected in the case of the color-pattern evolution of Vanessa. 


Biogeographical perspectives 


Biogeographical distributions of Vanessa species are quite unique. There are two species 
that are distributed in a fairly large geographical area: V. atalanta and V. indica. The for- 
mer is distributed widely in Europe and North America, and the latter in Asia and other sur- 
rounding areas. In contrast, V. tameamea is found only in the Hawaiian Islands, and in the 
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islands, it prefers mountainous areas (Field, 1971; Jamieson and Denny, 2001). The other 
species, V. samani, V. dejeanii, V. dilecta, and V. buana, are all found in the Indonesian 
Islands but in different islands with no overlapping distribution areas. 


Biogeographical distributions of the four species that formed the indica group in our phylo- 
genetic tree diagrams, V. samani, V. dejeanii, V. dilecta, and V. buana are shown in Fig. 3. 
They are parapatric in this biogeographically complex region (Vane-Wright & de Jong, 
2003): V. samani is found in Sumatra Island, V. dejeanii in Jawa (Java), Bali, Lombok, and 
Sumbawa, V. buana in Sulawesi, and V. dilecta in Timor. Their morphological relatives in 
the Australian Region, i. e. two Bassaris species, are not distributed in these islands, indi- 
cating the different history of establishing current distributions. 


The imaginary ancestor of the genus Vanessa discussed above probably migrated from the 
Oriental Region to Indonesia. Subsequent world-wide climate change probably caused 
physical isolation of their imaginary ancestor in high altitude regions of islands that occa- 
sionally produce natural cold-shock events. Coincidentally, the molecular phylogenetic re- 
lationships (or phylogenetic distance from the root of the indica group) seem to recapitulate 
biogeographical distributions (or geographical distance from the Asian Continent) of the in- 
dica group. That is, the pair of V. buana and V. dilecta, probably the most recently di- 
verged species within the indica group, is found in islands very remote from the Asian 
Continent. V. dejeanii, probably the second most recently diverged species, is found in is- 
lands closer to the Continent. V. samani is found in an island which is even closer. This 
historical and biogeographical recapitulation is consistent with the speculation that the an- 
cestral species migrated from the Asian Continent and that the cold-shock-sensitive factor 
played a role in the wing color-pattern evolution of these Vanessa species. 
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摘 要 


アカ タテ ハ 属 の 分 子 系 統 と 色彩 パタ ー ン 進化 (大 瀧 丈二 ・ 木 村 悠 一 ・ 山 本 晴彦 ) 


冷却 ショ ッ ク あ る い は タン グ ス テ ン 酸 (蛋白質 チ ロ シ ン ・ フ ォ ス ファ ター ゼ 阻 害 剤 ) に よっ て 距 を 処 
理 す る と , 成 昌 の 次 に 一 連 の 特徴 的 な 色彩 パタ ー ン 修飾 が 誘導 され る . タ ング ステ ン 酸 処理 に よっ て 誘 
導 さ れ た 修飾 系 列 と 同じ よう に , 色彩 パタ ー ン の 相違 を も と に し て 一 特に 相対 栓 色 領域 値 を 基準 と 
し て 一 アカ タテ ハ 属 Vazessg 数 種 を 直線 的 に 並べ る こと が で きる . これ ら の こと か ら , 冷却 ショ ッ ク 
ある い は タン グ ス テ ン 酸 に 感受 性 の ある 分 子 経路 が . アカ タテ ハ 属 の 種 分 化 に 関 号 し て いる の で は な 
いか と 提 楽 され て いる . その 意味 で , アカ タテ ハ 属 内 の 系 統 関係 を 明確 化す る こと は , 種 分 化 の メカ 
ニズム を 的 確 に 捉え る た め の 基 盤 と な る 可能 性 が あり , 非常 に 興味 深い . 本 論文 で は , ミト コン ドリ 
ア の NADR デヒドロ ゲ ナ ー ゼ ・ サ プ ユ ニッ ト 35 遺 伝 子 お よび シト クロ ー ム ・ オ キシ ダー ゼ ・ サ ブユ 
ニッ ト 1 遣 伝 子 の DNA 配列 を 基 に し て アカ タテ ハ 属 内 の 系 統 関 係 を 明らか に する こと を 試み た . 狭 
義 の アカ タテ ハ 属 に 属す る 7 種 は 二 つ の グル ー プ に 分 けら れ た . 一 つ は \ indica, V. samani, V. dejeanii, 
V. dilecta, V. buana か ら 構 成 さ れる [indica Z)Jv — 7| T, も う 一 つ は atalanta お EUV. tameamea 
DORA [atalanta グル ー プ | CHA. indica グル ー プ は , 椿 色 領域 が 極め て 広い samani 2^ Ò X454 
域 が 極め て 狭い dejeanii まで , 様々 な 相対 橋 色 領域 値 を 持っ 種 か ら 構 成 さ れ て いる . 同様 に , atalanta 
Z Jv — 7 3, FEE FAIR DSA V^ V. atalanta と 狭い V. tameamea か ら 構 成 さ れ て いる . 椿 色 領 域 の 広 さ が 明 
確 に 種 に よっ て 異な る 現象 は 狭義 の アカ タテ ハ 属 で は み ら れ る が , EOE CHAE RTA FIN 
属 Cynthia な ど で は み ら れ な い . この よう な 結果 を 考慮 し , アカ タテ ハ 属 は , 属 内 の グル ー プ な どの 系 統 
的 制約 を 受け ず , 檜 色 領域 を 拡大 また は 縮小 する よう に 二 方 向 へ 進化 する 性 質 を 持ち , その こと が 種 に 
特徴 的 な 色彩 パタ ー ン 形成 に お いて 重要 な 役割 を 果たし た と 推測 する こと が で きる . 
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